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Abstract. The RF photoinjector, when coupled with a magnetic pulse compression system, is now a
ubiquitous tool for production of sub-picosecond electron beam pulses which are to be used in
advanced accelerator and light source experiments. As the time-scale for both pulse lengths and
synchronization to external systems approaches the femtosecond level, a clear understanding of the
longitudunal dynamics of the electron injector is required. This paper presents an analysis of the
longitudinal beam dynamics of electron bunches in the photoinjector/compressor system from birth
at the photocathode, through their initial violent acceleration in the RF gun, and subsequent phase
space manipulation in the post-acceleration linac and magnetic chicane. The phenomena of phase
focusing due to RF forces, and defocusing due to longitudinal space-charge, are discussed, as is the
process of magnetic pulse compression. The issues relevant to synchronization of electron pulses
with external lasers are examined, using the examples of beat-wave acceleration and Compton light
sources, and solutions involving appropriate compressor configurations are proposed. Diagnosis of
the relevant physical effects in such schemes is discussed.

INTRODUCTION

The advanced accelerator (AA) and free-electron laser (PEL) communities are now
reliant on the RF photoinjector as the electron source which can provide needed short
pulse, high current and high brightness beams required by the demanding experimental
state-of-the-art. As the obtaining of low emittances requires limiting the beam density in
a way that the beam plasma frequency is matched to the applied betatron frequency, there
are limits on the peak current (minimum pulse length and/or maximum charge) which can
be extracted from these devices[1,2]. In order to break these constraints, as well as to
relax the requirements on the photocathode drive laser pulse length, many laboratories
now employing magnetic pulse compression systems[3]. An example of such a system is
displayed in Fig. 1, which shows the Neptune Advanced Accelerator Laboratory
photoinjector[4] at UCLA. This system is typical of the present-day RF photoinjector; it
has a split accelerator configuration (high gradient gun[5], with an adjustable phase, post-
acceleration linac), and a magnetic chicane. Its applications include investigation of beat-
wave (two-frequency laser-driven) and wake-field (electron beam-driven) acceleration in
plasma.

The most demanding of the applications which photoinjector/compressor systems must
serve are in fact found in the field of advanced accelerators, where plasma-based

CP569, Advanced Accelerator Concepts: Ninth Workshop, edited by P. L. Colestock and S. Kelley
© 2001 American Institute of Physics 0-7354-0005-9/017$ 18.00

374



acceleration schemes with femtosecond beams are envisioned[6,7], as well as in
Compton light sources[8], where sub-picosecond electron beams are collided with ultra-
short laser pulses. In both cases, the electron beam is required not only to be ultra-short,
but also synchronized at well below the sub-picosecond level to the external system —
the short-wavelength accelerating wave in the plasma accelerator case, and the laser pulse
intensity envelope in the Compton light source scenario. In order to understand the pulse
length and synchronization issues in such applications, we must first develop a clear
understanding of the longitudinal beam dynamics in the injector. The purpose of this
paper is to provide an analysis of these dynamics, and to show how they can be
manipulated to properly synchronize the electron beam pulse to the external systems in
question.

Our analysis of the electron beam longitudinal dynamics proceeds as follows. First, we
develop an analytical model based on an approximate Hamiltonian treatment, in order to
gain insight into the relevant physical processes in these systems. This analysis is
intended to allow study of initial acceleration dynamics, including the backward wave
component of a standing wave RF gun, and longitudinal space-charge. The results of the
model are then compared to exact solutions of the equations of motion and to simulation
of multiparticle systems with PARMELA. The various competing effects — phase
focusing due to RF acceleration, and defocusing due to repulsive longitudinal space-
charge forces can then be quantitatively discussed.

The fact that the beams are longitudinally focused during initial RF acceleration
implies that they become partially locked to the RF "clock", in that the electrons are
attracted (focused) towards a certain optimum RF phase. Thus any photocathode laser
injection jitter is partially removed during initial acceleration. This effect is desirable
from the viewpoint of pulse length, but also causes problems in synchronization. This is
because the photocathode laser itself cannot be considered a good "clock", as it does not
produce a beam which arrives at the end of the injector with a constant time delay from
injection. The presence of the magnetic compression system allows one to choose which
good "clock" one wishes to lock to, however. In the case of optimum compression, and
neglecting defocusing beam self-forces, the compressor takes all initial injection timing
errors, and maps them to a final state in which the injection error disappears to lowest
order, at the expense of enhanced momentum error. Thus the beam timing is, to lowest
order approximation, perfectly locked to the RF "clock" at the compressor exit. To use
this beam in an application, one must lock all other (external) components of the
experimental system to this clock as well. This occurs naturally in the case of a multi-
stage electron-beam plasma wake-field accelerator, and methods for locking a short pulse
laser to the RF have also been proposed for Compton scattering experiments as well.

On the other hand, in the case of a plasma beat-wave accelerator, it is difficult to lock
the beat envelope (which is sensitive to the relative phase of the two laser lines) to the RF
clock. As a way of injecting the electron beam into the beat-wave with the correct time
structure, it has been proposed that the photocathode drive laser be sliced into a periodic
array of micropulses, by modulating the laser intensity using nonlinear effects based on
the beat-wave intensity itself. The RF phase focusing in the gun destroy this initially
perfectly locked (to the beat-wave) photoelectron time structure, however. As is
discussed below, this problem can be removed by simply using the magnetic compressor
to reverse the compression in the gun — to slightly decompress the beam. With this
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procedure, the timing of the electron beam micropulses at the compressor exit is, to
lowest order approximation, exactly locked to the initial laser micropulse train.

Neptune photoinjector
layout (no expts. shown)

FIGURE 1. UCLA Neptune photoinjector (no experiments shown).

AN ANALYTICAL MODEL OF LONGITUDINAL BEAM
DYNAMICS IN AN RF PHOTOINJECTOR

Longitudinal beam dynamics in a RF photoinjector[9] are dominated by the evolution
the beam undergoes in the first few millimeters of propagation when the beam is not yet
highly relativistic. Once the beam is relativistic its longitudinal profile is essential frozen
in and any further significant longitudinal evolution requires outside manipulation of the
beam phase space, typically using the enhanced longitudinal dispersion introduced by
bend magnets. If we wish to describe the longitudinal evolution of the beam correctly
during the early non-relativistic period the effects of the forward traveling RF wave must
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be considered along with those of the backward wave, space-charge, and the elongation
of the resonance cavity in 1.625 cell type photoinjectors.

The travelling wave approximation

The longitudinal evolution of electrons emitted in photoinjectors is dominated by the
resonant forward wave. As electrons are accelerated from rest they slip with respect to
the forward wave until they achieve relativistic velocity. Since the RF field is typical
rising when the beam is launched later electrons see a higher initial field and do not slip
as far as the earlier electrons, which tends to compress the beam. This process is typically
referred to as velocity bunching, or RF focusing. To begin to understand this process, we
start by including only the effects of the forward wave. The longitudinal field of the
forward traveling RF wave in a photocathode gun can be written simply as

—^, (1)
at

where,

Inserting this expressing for the vector potential into the general form of the one
dimensional Hamiltonian of a charged particle in an electromagnetic field

(3)

gives a Hamiltonian that is explicitly dependant on time and can not be used as a constant
of the motion.

H = P*c ~ - - c o s - z c + moc - (4)

In order to use the Hamiltonian as a constant of the motion we need to make a
canonical transformation that eliminates time as an explicit variable. Ultimately we
would like to describe the position of the particle by the phase it occupies in the forward
wave. The logical choice for the new coordinate is

£=vp*-z , (5)
which is equivalent to a Galillean (purely mathemetical, not physical a la Lorentz)
tranformation of z into the frame of the forward traveling wave. Taking this new
coordinate and equating the new momentum to the old p^ = pz we can write down the
transformed Hamiltonian[10] so as to preserve the proper equations of motion,
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(6)

(7)

^ = - — =:2-^-^ sin(o)t - kjz) . (8)
dt % Vy

Now we can simplify the transformed Hamiltonian using the following definitions and
approximations

(10)

where (j) is the phase location of the particle in the forward RF wave. Since this
Hamiltonian is a constant of the motion we can use it to derive the mapping function
4inai (^Mtiai) = 0/($) which gives each particle's final position in the forward wave from
knowledge of its initial position,

Hf = m0c2(l - aRF cos0,.), Hf = -m0c2aRF cos ̂  , (1 1)
(12)

= cos"1 cos 0. - —— . (13)

We can also derive a simple compression function for beams short compared to the RF
wavelength. This is the quantity we are really interested in since it conveys the degree of
longitudinal focusing/defocusing that the particles experience. The simplest way to

dfo
accomplish this is to differentiate Eq. 12 with respect to ^ and solve for

dHf , . . , . . d^ (M)

The desire to create a beam with good transverse emittance implies that (j)f =7tl2, which
further implies a certain choice of $. Making this substitution we are left with a
compression function dependant only on the initial launch coordinate,
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d(j>f (15)

This quantity, which is manifestly less than unity, is mapping factor for compressing the
final beam phase extent with respect to its initial extent. It can also be interpreted as the
degree of "jitter suppression" that the RF focusing supplies, since errors in injection
timing (jitter) will be ameliorated by this factor.

Standing wave acceleration: inclusion of the backward wave

In reality, photoinjector RF guns are standing wave devices and the backward wave
has significant influence on the longitudinal evolution of beam before the particles
become relativistic[9]. The full RF field in the photoinjector is given by

Ez = EQ (sin(a)t - kzz) + sin( ox + k2 z)), (16)

If we transform this equation into the phase variable (j) [9],

E2 =E0(sin0+sin(0 + 2A;zz)) (17)

we see that it is not possible to write the backward wave term solely in terms of the phase
variable. In order to include the backward wave term in our Hamiltonian and have it
remain a constant of the motion we must make an approximation. Since the electric field
that the particles experience at launch dictates the degree of the primary velocity focusing
effect, it follows that a good approximation of the backward wave contribution must be
correct at launch. In consideration of this fact we choose to make the approximation

E7 = E0 (sin (j) + sin (j)Q ) (18)

where fa = % so the backward wave term is set at launch and kept constant thereafter. At
first this seems drastic, but Eq. 18 is exactly correct at lauch and we will show that it is
reasonable later in this paper. Note that Eqs. 16-18 illustrate how the backwave boosts
the field at launch, which reduces velocity focusing by ensuring that all the particles will
accelerate faster and experience less phase slippage.

Taking the backwave term as a constant and proceeding as in the previous section we
arive at the new Hamiltonian

H = m0c2(#-1- accost - f a i n f a ) ) , (19)

Rewriting Eq. 11 with the new Hamiltonian (Eq. 19) reveals a slight sublety in the
calculation of the compression function

Ht = m0c2 (1 - aRF (cos 0. - $ sin 0. )) ,
\ / (20)

Hf = -m0claRF(cos(f)f -
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Here we see the very important distinction. Intitially the backward wave contribution
must be treated as variable since $ =<fo is varying. In the equation for the final
Hamiltonian, however, the backward wave term is a constant whose derivative is zero.
Now if we equate the equations (20) and differentiate as in (14) taking care to follow the
rule detailed above we find

d<f>f . . .

A one-dimensional model of longitudinal space-charge effects

In order to stay consistent with the plan of keeping the fields that the electrons
experience as accurate as possible at the point of launch, the interaction of the charges
with their image in the cathode must be included in the description. This effect is often
comparable to the backward wave in size for parameter regimes of interest.

To good approximation the space-charge (SC) field experienced by the electron can be
modeled as that of a one-dimensional system varying only in z. Including image charge
effects, the electric field at a given point in the bunch is dependent only on the surface
charge density of the beam population emitted before the point in question[l 1],

Esc(0= 4*0(0, (22)
where

Nb is the total beam population, d is the laser spot diameter, Atp is the total laser pulse
length, and (faead is the launch phase of the head of the beam. Note that this model
correctly indicates that space-charge is zero for the first electron and then grows linearly
reaching a maximum at the tail of the beam. In addition, this treatment has the benefit of
depending only on the initial phase $. Much like the backward wave approximation we
used in the previous section, this model overestimates the field since it does not fall off
once the beam is far from the cathode. This exaggeration is actually useful. Since the
backward wave and space-charge terms have opposite effects (focusing and defocusing,
respectively), the errors made by approximating both terms tend to cancel out.

If we add in the space-charge term to the rest of the Hamiltonian, again keeping the
new term as a constant dependent only on initial phase fa

^sin^0)j, (24)
where

A=( toy2 V i (V) w
\mecaRf((i)RFd)2At\ aRF coRF

2
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